Rapidly increasing urbanization creates novel environmental conditions for mammals even in already humandominated, agricultural landscapes. Previous research on the behavioral responses of mammals to urbanization has focused on carnivores. Herbivores may respond to similar factors as carnivores, but herbivores also could respond to landscape alterations that generate variation in predation risk. We examined movements of 35 radiomarked, adult woodchucks (Marmota monax) located across an urbanization gradient within an agricultural landscape in central Illinois from 2007 to 2008. As predicted, home-range size was related negatively to urbanization. Home-range size of woodchucks in urban areas was ,10% of that of rural woodchucks. Urbanization had stronger effects on home-range sizes of males compared to females. Woodchucks are multiple central-place foragers, and their use of burrows within home ranges also was influenced by urbanization, with number of burrows per individual decreasing with urbanization. Because number of burrows was not scaled proportionally to home-range size, however, distances between burrows decreased in urban areas, and predation risk during interburrow movements should be reduced for urban woodchucks. Our results demonstrate the ability of woodchucks to exhibit substantial behavioral plasticity in response to urbanization and provide insights into how space use by multiple central-place foragers relates to predation risk.
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Urbanization is increasing rapidly and decreasing the amount of suitable habitat available to wildlife species (McKinney 2002) . Between 1990 and 2000 expansion of urban boundaries into the rural countryside (i.e., urban sprawl) grew by as much as 50% (DeStefano and DeGraaf 2003; Heimlich and Anderson 2001) . Humans also have altered the land dramatically outside of cities in many regions. For example, much of the rural landscape in the midwestern United States has been converted for agriculture resulting in vast areas of open cropland and few areas of natural habitat (Gosselink et al. 2003; Mankin and Warner 1997) . Nevertheless, urbanization creates novel environmental conditions in human-dominated, agricultural landscapes. In such regions urban-rural gradients represent changes in type and intensity of human alterations rather than loss and conversion of natural habitat.
As urbanization increases the landscape is separated into habitat patches that can become isolated by barriers such as roads, buildings, and parking lots. Crossing high-traffic roads is risky for wildlife, and collisions with vehicles can be a major cause of mortality for some species (Forman et al. 2003; Tigas et al. 2002) . Consequently, movements of mammals can be severely restricted in urban areas thus impeding the ability of an individual to disperse and find mates, suitable habitat, and food resources (Ditchkoff et al. 2006) . Urbanization also can affect the abundance and distribution of food resources, which can impact space-use patterns of mammals (Isbell et al. 1998; Jepsen et al. 2002) . Food often is abundant in urban areas due to artificial sources such as garbage or managed vegetation (Ditchkoff et al. 2006; McKinney 2002) . Individuals that use these resources can exhibit reduced home ranges and altered spatial distributions when compared to their rural counterparts (Prange et al. 2004) .
Studies examining movement behavior of mammals in relation to urbanization have focused primarily on carnivores (Atwood et al. 2004; Prange et al. 2004; Riley et al. 2003) and have emphasized changes in size or spatial distribution of home ranges or core areas. Although patterns are emerging from these studies, we know relatively little about responses to urbanization by other mammals such as herbivorous prey species. Like carnivores, prey species may respond to factors such as habitat fragmentation and changes in resource levels, but prey species also may be affected by landscape variation in predation risk created by urbanization. Abundance of natural predators is generally lower in urban areas (Gering and Blair 1999; McKinney 2002; Shochat et al. 2006) , which should reduce predation risk for prey species. Additionally, many mammalian species, including herbivores, are multiple central-place foragers that focus foraging activity around specific sites scattered throughout their home ranges (Chapman et al. 1989 ). This strategy requires risky movements from 1 foraging site to another. Multiple central-place foragers could respond to changes in predation risk across an urbanization gradient by altering the number of foraging sites and thus modifying distances between sites. These spatial adjustments might not be reflected in comparisons of homerange size alone.
Woodchucks (Marmota monax) are an excellent study species for investigating responses to urbanization because they occur in many environments but are considered to be ''urban-adapters'' (McKinney 2002) or edge species that remain abundant in urban and suburban areas. Woodchucks are diurnal herbivores that prefer vegetation common in urban and suburban areas such as grass, clover, and garden crops (Hoffmeister 2002; Kwiecinski 1998) . Woodchucks are multiple central-place foragers that feed almost exclusively near burrows in which they hibernate, rear young, and escape from predators. Predators of woodchucks include coyotes (Canis latrans -Hofmann 2008; Kwiecinski 1998) , which generally decrease in abundance with urbanization (Gosselink et al. 2003; Randa and Yunger 2006) , and domestic dogs (Canis lupus familiaris -Hofmann 2008; Kwiecinski 1998) . Although dogs could replace the threat of natural predators in urban areas, most dogs are leashed by owners in cities and rarely prey on urban woodchucks (Watson 2009 ). Therefore, actual predation risk for woodchucks is reduced in urban areas, and perceived risk also could be reduced, depending on how woodchucks perceive leashed dogs and humans. Previous studies on woodchucks have emphasized spatial distribution, social organization, and habitat selection (Ferron and Ouellet 1989; Meier 1992; Merriam 1971) and have demonstrated that woodchucks exhibit behavioral plasticity in relation to environmental heterogeneity (Bonenfant and Kramer 1996; Maher 2004; Swihart 1992) . Despite the common occurrence of this species in urban areas, however, no studies have examined how woodchucks adjust to such highly humanaltered landscapes.
We compared movements of adult woodchucks across an urbanization gradient within an agricultural landscape in central Illinois. We examined home-range size and space use within home ranges, including number of burrows used, average distance between burrows, and evenness of use among burrows. We predicted that home-range size would decrease with urbanization because urban areas are fragmented by hightraffic roads that can be movement barriers for woodchucks (Woodward 1990) , and urban areas provide food resources within remaining fragments (Swihart et al. 1995) . We expected that number of burrows used would be related positively to home-range size, and thus number of burrows used would decrease with urbanization. That is, rural individuals would have larger home ranges and use more burrows within their ranges than urban individuals, but distance between burrows would remain constant across the urbanization gradient. We also expected that evenness of burrow use would be associated with either food resources or predation risk. We predicted burrow use would be more aggregated for urban woodchucks that favor burrows near concentrated food sources present in urban areas. Alternatively, if there is variation in safety among burrow sites (Blumstein et al. 2006) , burrow use would be more aggregated for rural woodchucks if they recognize that they live in riskier areas compared to urban woodchucks.
MATERIALS AND METHODS
Urbanization gradient.-Our research was conducted in a 700-km 2 study area that included the twin cities of Champaign and Urbana in central Illinois and the surrounding rural area. Champaign-Urbana and surrounding communities comprise a medium-sized, growing metropolitan area (2007 population estimate: 220,923, a growth of 5% since 2000 census-United States Census Bureau 2009). The urban core is characterized by relatively high densities of buildings, roads, parking lots, and established trees. As distance from the urban core increases, the landscape includes fewer trees, building density decreases in the form of newer residential subdivisions and office parks, and the landscape eventually grades into one of the most intensive regions of row-crop agriculture in the United States (Mankin and Warner 1997) . Because corn and soybeans are the dominant land cover beyond urban centers, the rural landscape is almost devoid of cover between the crop harvest in the fall and planting in the spring (Warner 1994) . The rural landscape also is characterized by a low diversity of habitats, including sparse forest fragments and fencerows.
We sampled woodchucks across an urbanization gradient defined by the amount of urban land cover within a 500-m buffer around the centroids of home ranges for individuals. Digital orthophotographs from 2008 (for 34 woodchucks) and from 2005 (1 woodchuck located in an adjacent county) were used to classify land cover manually across the gradient (minimum resolution for both sets was 0.5 m). We delineated 5 main land-cover categories: developed included paved surfaces, buildings, and associated lawns and gardens; urban open space included maintained open areas such as cemeteries, parks, and golf courses; urban forest included forest surrounded by developed land cover; urban grassland included all unmaintained grass surrounded by developed land cover; and rural included all remaining land cover (primarily agriculture). We considered urban land cover only to include the categories of developed and urban open space that represented areas that were highly altered and had elevated levels of human disturbance. We ground-truthed photographs during field visits and updated our classifications when necessary. The urban endpoint of the gradient was characterized by high densities of buildings (average 5 492 buildings/ km 2 ), high population density (average 5 3,006 people/km 2 ), and an average of 12.8 km of roads/km 2 . The rural endpoint of the gradient consisted of few homesteads (average 5 9 buildings/km 2 ), low population density (average 5 88 people/ km 2 ), and an average of 1. (Gannon et al. 2007 ). We placed traps near active burrows and baited them with apples and peanut butter (Maher 2004; Swihart 1992) . Traps were set in the early morning, checked every 2 h, and closed by midafternoon.
Each captured adult woodchuck (1 year old; age determined by weight and pelage-Kwiecinski 1998) was transported to the College of Veterinary Medicine at the University of Illinois where a 32-g radiotransmitter (model M1240; Advanced Telemetry Systems, Isanti, Minnesota) was implanted in the peritoneal cavity, generally within 3 h of capture. We followed standard surgical procedures (Maher 2009; Van Vuren 1989) , except that medetomidine was used as the anesthetic rather than a xylazine-ketamine mixture. While woodchucks were anesthetized we determined their sex and implanted passive integrated transponders (Biosonics, Inc., Seattle, Washington- Schooley et al. 1993) in the interscapular region for long-term identification. We released woodchucks at their burrows of capture after they had fully recovered. We tracked woodchucks during daylight hours 2-4 times per week throughout 2 active seasons (2007 and Radiolocations were obtained by homing with a receiver and handheld 3-element yagi antenna. Most radiolocations (89%) were obtained when woodchucks were in burrows because individuals spent much time underground, or they often fled underground before they were observed. Each radiolocation was recorded with a handheld global positioning system unit (model GPS 76; Garmin, Olathe, Kansas; typical accuracy 3 m with differential correction).
Home-range size and space use.-For each individual we estimated home-range size separately for each active season with a 100% minimum convex polygon (MCP) model using Hawth's Analysis Tools for ArcGIS (Beyer 2004) in ArcGIS9 (Environmental Systems Research Inc. 2006) . Bootstrapped area-observation curves with 1,000 replications (Animal movement extension to ArcView-Hooge and Eichenlaub 1997) indicated that ,25 locations were required to estimate home-range size using the MCP method. Hence, we excluded individuals with ,25 radiolocations from analysis.
Actual area used by an animal can be difficult to define for a multiple central-place forager such as a woodchuck. Behavioral observations revealed that woodchucks rarely foraged .20 m from a burrow (Watson 2009) , so the area between burrows is used primarily for interburrow movement. Kernel-based home-range estimators generally are favored over MCPs, but kernel methods do not work well if many radiolocations occur at the same place (Pattishall and Cundall 2008; Row et al. 2006; Seaman and Powell 1996) , as in our data set, which included multiple locations at particular burrows. MCPs based on a percentage of locations generally are favored over 100% MCPs because reduced MCPs can exclude exploratory movements. Because most of our locations were obtained when woodchucks were in burrows, these locations represented areas in which woodchucks likely spent hours and possibly days. Moreover, 100% MCPs were strongly correlated with 95% MCPs (Spearman r s 0.93 in each year), so we used 100% MCPs as a means to estimate total spatial extent of the range of a woodchuck and then evaluated space use within home ranges in more detail by examining patterns of burrow use.
Within home ranges we measured 3 aspects of space use: the number of burrow clusters used, average distance between burrow clusters, and evenness of use among burrow clusters. Because a single woodchuck burrow can have several entrances (Merriam 1971) , we defined a single burrow cluster as all burrow entrances within 10 m of another entrance (Henderson and Gilbert 1978; Swihart 1992) . Once a woodchuck was located at a burrow, we surveyed the ground to locate all burrow openings and recorded the approximate cluster center with a global positioning system. Average distances between burrow clusters were based on all possible pairs of burrow clusters within a home range and were measured from centers of clusters. To describe evenness of burrow use by individuals, we used the Morisita index (Morisita 1962; Veech 2005) , defined as:
where N is the number of burrow clusters used by an individual, and x j is the number of radiolocations at a burrow cluster j for each cluster j 5 1-N. Values of I M . 1 indicate a clumped distribution, and values of I M , 1 indicate a regular distribution. We also measured the average distance between burrow clusters using Hawth's Analysis Tools.
Statistical analysis.-Responses by woodchucks to urbanization were examined at 2 scales. The landscape scale was determined by the amount of urban land cover within a 500-m circular buffer centered on the centroid of an MCP for each individual (using data combined across years). We chose 500 m as the buffer radius because this size encompassed the largest home ranges in our study. The local scale was determined by the amount of urban land cover within the combined-year MCP home range of each individual. We examined the response of home-range area at the landscape scale and the responses of all other space-use variables at the local scale. Although urbanization measures for these 2 scales were correlated (Pearson r 5 0.64, P , 0.001, n 5 35), we considered the landscape scale to be more appropriate for examining broader constraints to home-range placement and size and the local scale more relevant to how a woodchuck used space within its established home range.
Because many woodchucks were sampled in 2 years, we used repeated-measures models and the maximum-likelihood method (PROC MIXED-SAS Institute Inc. 2009) to test for an effect of urbanization on home-range size and each spaceuse variable at the appropriate scale. First, we determined the covariance structure of the data by fitting our global model for each response variable under different covariance structures using the restricted maximum-likelihood method. We identified the 1st-order autoregressive structure as the most appropriate for all responses by using Akaike's information criterion corrected for small sample size (AIC c - Burnham and Anderson 2002) . Models with a DAIC c value , 2 are considered competitive (Burnham and Anderson 2002) . Second, we evaluated 17 candidate models using maximumlikelihood estimation and AIC c . The candidate models included combinations of urban land cover (urban), sex, year, and number of locations as predictors, plus interaction terms for urbanization and sex and urbanization and year. We also examined parameter estimates (b) to understand the relationship between response variables and parameters included in competitive models.
To assess the scaling relationship between number of burrow clusters and home-range size, we conducted linear regression (PROC GLM-SAS Institute Inc. 2009) after transforming (log 10 ) both variables to estimate the scaling exponent (i.e., slope coefficient). We estimated scaling exponents separately for woodchucks in 2007 and 2008.
RESULTS
Home-range and space-use analyses were based on data from 35 adult woodchucks (12 males and 23 females) distributed across the urbanization gradient (Fig. 1 Home-range size.-The AIC c rankings revealed 3 competitive models that all included urbanization, sex, and the interaction between urbanization and sex as factors affecting home-range size of woodchucks (Table 1) . Two models had DAIC c 5 0: one model included urbanization, sex, and the interaction between urbanization and sex, whereas the other also included the number of locations covariate (Table 1 ). The number of radiolocations obtained for an individual had a positive effect on home-range size (b locations 5 0.06, SE 5 0.04). A 3rd model, which included year instead of locations, also was competitive (Table 1) . Home-range size was related negatively to urbanization for both males and females (Fig. 2) , but the effect was stronger for males (b urban 5 228.26 for males, b urban 5 23.88 for females). During both years, homerange size was larger for males (2007: X 5 13.29 ha, SE 5 4.75 ha, n 5 8; 2008: X 5 17.10 ha, SE 5 5.08 ha, n 5 9) than for females (2007: X 5 2.55 ha, SE 5 0.66 ha, n 5 19; 2008: X 5 1.74 ha, SE 5 0.46 ha, n 5 16).
Number of burrow clusters.-Woodchucks used an average of 10 burrow clusters (SE 5 0.7), but number of clusters ranged from 1 to 25. The best approximating model describing the number of burrow clusters used by woodchucks included urbanization, sex, and number of locations (Table 2) . A model including year also was competitive ( Table 2) Distance between burrow clusters.-The average distance between burrow clusters ranged from 44 to 499 m with a mean of 190 m (SE 5 18.6 m). The best model predicting distance between burrow clusters included urbanization and sex (Table 2) . A model that also included the interaction between urbanization and sex was competitive (Table 2) . Average distance between burrow clusters responded negatively to urbanization, but the effect was stronger for males than for (Table 2) . However, the intercept-only model was competitive, and the positive effect of urbanization on aggregation was not strong (b urban 5 0.24, SE 5 0.24). Models including year or number of locations in addition to urbanization also were competitive but ranked below the intercept-only model (Table 2) .
DISCUSSION
Urbanization had substantial effects on space use of woodchucks within an already human-dominated, agricultural landscape. Home-range size of woodchucks in urban areas was approximately 10% of that in rural areas. A negative relationship between urbanization and home-range size has been described for mammalian carnivores such as skunks (Mephitis mephitis- Rosatte et al. 1991) , red foxes (Vulpes vulpes- Gosselink et al. 2003) , raccoons (Procyon lotor- Prange et al. 2004) , bobcats (Lynx rufus-Riley 2006), and coyotes (Atwood et al. 2004 ). Home-range size for woodchucks not only decreased with urbanization, but home ranges also appeared to be constrained in extremely urbanized areas (.80% urban land cover).
Movements of woodchucks likely were impeded by the dense network of high-traffic roads in urban areas. Roads act as movement barriers and increase mortality for many wildlife species (Baker et al. 2007; McGregor et al. 2008 ; Tigas et al. 2002). Woodchucks living adjacent to suburban and urban highway interchanges readily crossed single-lane highway ramps, but attempts at crossing wider roads were rare and often resulted in mortality (Woodward 1990 ). In our study few home ranges included roads, and those that did generally included roads that had 2 lanes. In highly urban areas (.80% urban land cover), 75% (3 of 4) of woodchuck mortalities for which a cause could be determined were due to vehicle collisions (Watson 2009 ). Although we did not examine food resources across the gradient, the concentration of anthropogenic resources in urban areas also likely contributed to the decrease in home-range size by reducing the need for woodchucks to travel extensively in search of food (Harper 2005; Lopez et al. 2005 ).
The best model for predicting home-range size included urbanization, sex, and an interaction between urbanization and sex. The effect of sex on home-range size was not surprising, because home ranges of male woodchucks are known to be larger than those of females (Maher 2004; Swihart 1992) . Male woodchucks had larger home ranges than females regardless of urbanization; however, urbanization had a much stronger effect on home ranges of males. Few studies (e.g., Riley 2006) have examined the interaction between urbanization and sex in relation to home-range size in mammals. Sexual differences in the effects of urbanization should be considered in addition to species-level responses, because they can have ramifications for key life-history traits. For example, home ranges of adult male woodchucks are larger during the early active season, presumably to find females for breeding (Ferron and Ouellet 1989) . Barriers to these movements in urban areas could impede males from encountering females, which could reduce overall reproduction. In addition to variation in home-range size, we also observed variation across the urban-rural gradient in how adult woodchucks used space within home ranges, which is especially important for multiple central-place foragers that encounter high predation risk during movements between central places. As home-range size decreased in urban areas, woodchucks used fewer burrow clusters, but this relationship was not scaled proportionally. Hence, distances between burrow clusters increased in rural areas, and risk should be elevated for rural woodchucks that must travel longer distances between burrow clusters. In rural areas (,20% urban land cover), 67% (4 of 6) of mortalities for which a cause could be determined were attributed to predation for radiomarked woodchucks (Watson 2009 ). In contrast, urban woodchucks have fewer natural predators, shorter interburrow distances, and a low probability of mortality due to predation (Watson 2009 ).
Woodchucks generally favored certain burrows over others across the urbanization gradient. Some evidence also was found for aggregation of burrow use with increased urbanization. Presence of concentrated, abundant food sources in urban areas (Ditchkoff et al. 2006; McKinney 2002; Prange et al. 2004 ) could have contributed to aggregated spatial distributions of woodchucks. Burrow use also could be more aggregated in urban areas if burrows within home ranges are separated by anthropogenic, semipermeable barriers such as parking lots and small roads that impede movement.
Woodchucks exhibited substantial behavioral plasticity by adjusting their movements in response to both physical and ecological changes in the landscape created by urbanization. Our research provides novel insights into responses by an herbivorous mammal to urbanization and to factors affecting space use by multiple central-place foragers.
